is increased auditory hypersensitivity (reviewed in Rotschafer and Razak, 2014 ). An 57 imbalance of neural excitation/inhibition (E/I) is thought to underlie many pathologies 58 in FXS (Contractor et al., 2015) including those leading to auditory symptomology (Keine 59 et al., 2016).
60
Recent work has shown that these E/I imbalances in FXS extend to the auditory 61 brainstem circuits responsible for sound localization, as well as downstream cortical areas 62 of the auditory system (Garcia- and substantial alterations to the auditory brainstem, it has never been clearly shown that 72 mice or humans with a mutation in Fmr1 have impairments in their ability to localize 73 sound.
74
Binaural hearing and spatial acuity are essential for communication in complex 75 noisy acoustic environments, known as the "cocktail party problem" (Cherry, 1953) . The 76 separation of spatial channels in these complex noisy acoustic environments is dependent 77 on an intricate E/I balance that starts in the auditory brainstem (Keine et al., 2016) .
78
Impairments in the E/I balance of the auditory brainstem sound localization pathway 79 therefore are expected to lead to impaired communication ability in complex noisy 80 acoustic environments. As a signal, or perhaps a speaker of interest, moves further in 81 space from a distracting background noise, it becomes easier to discriminate from the 82 noise, this effect is termed spatial release from masking (SRM)(reviewed in Feng and 83 Ratnam, 2000) .
84
This study aims to determine if mice with a mutation in the Fmr1 gene have a 85 functional deficit in sound localization. Sound source location discrimination was 86 assessed using a reflexive prepulse inhibition (PPI) paradigm, where a change in the 87 sound source location served as the prepulse, a method described previously for mice 88 (Allen and Ison, 2010) and guinea pigs (Greene et al., 2018 Figure 3B ). In addition, Fmr1 258 mice had increased latency to startle compared to B6 259 at all ISIs except 1 ms and 2 ms ( Figure 3C ). Fmr1 mice only showed a difference in PPI relative to B6 mice at the largest angle (90°), 360 and only at the louder (15 dB attenuation) level ( Figure 6B, C) . Similar to the above 361 experiments, Fmr1 mice had longer latencies to startle compared to B6 mice at several 362 angles (7. 5 and 30° at 15 dB attenuation and 7.5, 22.5, 30, 45° at 24 dB attenuation Figure  363 6D, E). effective. In addition, when varying the location of the signal, at the louder sound, mice 489 again had deficits at 90°, but this time off to the side of the animal, not a 90° swap in front 490 of the animal (note, both measures test a 90° subtended angle across stimuli in the front 491 hemifield). In contrast to the deficits seen with the 90° swap in front of the animal, deficits 492 in this 90° off to the side may be due to the perception of the signal coming from slightly 493 behind the animal. Depending on the location of their ear at the time of presentation 494 (animals were constrained to face towards the 0° speaker but could move their heads 495 slightly). Lastly, similar to the speaker swap experiments, Fmr1 animals also had longer 496 latencies under most conditions to respond to the startle speaker compared to B6, 497 suggesting again not only impairments in detection, but also reaction ability/time.
498
Other studies have examined PPI while varying the intensity of a prepulse signal 499 above an ambient noise level. While not exactly the same as the SRM task discussed here, 500 in contrast to our results, most studies found that Fmr1 mice had increased PPI compared 501 to wildtype (Baker et 2006; Thomas et al., 2012) . These discrepancies could be due to the prepulse eliciting a 504 startle response in these other studies, which would cause increased PPI during the actual 505 startle, and in particular since these studies did not explore latency to startle, the prepulse 506 startle response could be delayed coinciding with the startle-eliciting speaker. Lastly, 507 most of the other studies do not discuss where the signal is coming from, which could 508 impact the inhibition of the startle response in these animals and is likely different from 509 our experiments. Interestingly, our results are consistent with data from patients with 510 FXS who show reduced PPI under similar conditions (Frankland et Often animals can habituate to the startle speaker, meaning that as the animal 517 continues to be exposed to a loud sound stimulus, they will no longer startle as robustly 518 as the earlier presentations of the stimulus. Habituation can also limit the length of 519 experiments since animals may not respond as robustly after several hours of testing. 520
Interestingly, we did not see any habituation to the startle in either Fmr1 or B6 animals, 521 as seen by a change in PPI or startle amplitude between early and later presentations of 522 the same stimulus for any of the tasks presented. Other studies have examined 523 habituation and shown that Fmr1 mice do not habituate, though their results were not 524 consistent between an F1 cross of genotypes and Fmr1 mice on a B6 background 525 suggesting that their results might be a result of background genotype (Nielsen et al., 526 2002) . Additionally, impairments in habituation were present after ten presentations of 527 the startle stimulus, most of our experiments had fewer than ten repetitions to avoid 528 habituation to the startle response. Mice typically have less habituation than other 529 animals, responding robustly and consistently to many stimulus presentations, and 530 habituation can be extinguished with a few minutes rest between experiments (Valsamis 531 and Schmid, 2011). Our data suggest also that mice can tolerate several hours of testing 532 without a concern for habituation to the startle response, in particular in the B6 533 background strain tested here. 534 535
Latency versus Startle 536
In contrast to PPI and ASR responses that differed between Fmr1 and B6 mice, 537
where we saw specific impairments under certain conditions, there was an overall trend 538
for Fmr1 mice to have increased latency to startle under a variety of conditions. This could 539 be due to impairments in a different circuit that causes the response to the startle, i.e. 540 when versus how much to startle in Fmr1 mice. There has been one study which examined 541 latency to react in patients with FXS after an acoustic startle, and they saw no differences 542 between neurotypical controls and FXS (Roberts et al., 2013 anatomical/physiological data, the auditory system is altered in a mouse model of FXS.
559
In addition, this assay may be a useful tool for measuring drug efficacy on auditory 560
impairments, in particular due to the similarity of responses between patient and mouse 561 data. 562 563
Materials and Methods

564
All experiments complied with all applicable laws, NIH guidelines, and were approved by 565 the University of Colorado IACUC. 566 567 Subjects 568
All experiments were conducted in either C57BL/6J background (wildtype) or 569 hemizygous male and homozygous Fmr1 knockout strain maintained on the background 570 (commercially available through Jackson Laboratory, Bar Harbor, ME). Forty-six total 571 mice were used, exact number of animals used per experiment are listed in the figure 572 legend and corresponding results sections. Animals were genotyped regularly using 573
Transnetyx (Cordova, TN). Mice used in these experiments were all adult animals and 574 varied in age between 55 and 160 days old. 575 576 Apparatus 577
Experimental conditions and apparatus are previously described in Greene et al., 578
2018 but are also briefly described here. All experiments were conducted in a double-579 walled sound attenuating chamber (IAC Bronx, NY) lined with acoustical foam to reduce 580 echoes. The animal was snugly placed, in order to ensure the animal was forward-facing, 581 in a custom-built acoustically transparent steel-wired cage attached to a polyvinyl 582 chloride post anchored to a flexible polycarbonate platform with an accelerometer 583 (Analog Devices ADXL335 Norwood, MA) to capture startle responses. All animals were 584 tested in the dark using a closed-circuit infrared (IR) camera to monitor movement and 585
proper orientation of the animal. When the animal was placed snugly into the chamber 586 with the steel lightly compressed around its body, the animal maintained its forward-587 facing position and was unable to turn around. The cage with the animal was then always 588 oriented towards the center loudspeaker. A diagram with the experimental apparatus is 589 shown in (Greene et al., 2018 60-120dB SPL in 10dB steps) of the startle eliciting stimulus, presented with the overhead 632 startle speaker and recording their acoustic startle response (ASR) through the cage-633 mounted accelerometer. Startle responses were assessed in the presence of a 70dB SPL 634 background noise played continuously from the speaker directly in front of the animal 635 (0°). Presentation of these conditions were limited to three to five repetitions to ensure 636 that the animal had a robust startle response while minimizing the duration of testing. 637
638
Experiment 2: Gap Detection 639
The ability of animals to detect a short quiet period in a continuously noisy 640 background was similarly assessed by presenting a broadband noise from the speaker 641 directly in front of the animal (0°). A 20 ms gap in the noise (the pre-pulse) was 642 introduced before the startle eliciting stimulus with interstimulus-intervals (ISI, time 643 between the stimulus (gap) and startle) (Figure 2A) The optimal ISI for speaker swap detection was assessed by swapping the source 652 speaker (the prepulse) of a continuous broadband noise (70 dB SPL) 90° symmetrically 653 across them midline ( Figure 3A ). The background noise was initially played from the 654 speaker -45° (right) with respect to the animal and swapped with to the speaker +45° 655 (left) of the animal some ISI prior to the startle-eliciting stimulus. Startle responses were 656 assessed for five repetitions of 1, 2, 5, 10, 20, 30, 40, 80, 100, 150, and 300 ms ISIs, 657 presented randomized in a blockwise fashion. Two control conditions, where no speaker 658 swap occurred (i.e. the noise was continuously played from the initial speaker at -45°), 659
were included in each repetition block. 660 661
Experiment 3b: Speaker Swap 662
Minimum audible angle was similarly assessed using a speaker swap paradigm 663 (Allen and Ison, 2010; Greene et al., 2018). The animal orientation was maintained at 0° 664 (center) as described above to test responses to sounds swapped across the midline and 665 assess minimum audible angle detection ability. The prepulse was a change in the source 666 of a high-pass noise (cut off below 4kHz) between two matched speakers separated by 667 7.5°, 15°, 30°, 45°, and 90° symmetrically (except for 7.5°) across the midline, in both 668 directions (left to right and right to left). ISI was set at 20 ms between presentation of the 669 prepulse (speaker swap) and startle-eliciting stimulus. Startle responses were assessed 670 for eight presentations of each condition (N = 10 since swap angle and direction co-vary), 671 and one control condition (the high pass noise presented from the starting speaker, but 672 no swap to the matched speaker) for each starting speaker (N=10), were presented 673 randomized within repetition blocks. 674 675
Experiment 4a: Threshold for Spatial Release from Masking 676
Spatial release from masking (SRM), i.e. the ability of mice to detect a signal in a 677 continuous 70 dB SPL broadband masking noise, presented from the center speaker (0°), 678
was assessed while varying the intensity of the "signal" speaker presented adjacent to the 679 center speaker (7.5°, SRM threshold, Figure 5A ). The ISI was set at 20 ms from the onset 680 of the prepulse to the startle eliciting stimulus. The "signal" was a beep of 100 ms in 681 duration centered around 4kHz by four octaves in frequency. The intensity of the signal 682 was varied by decreasing the signal level by 9, 12, 15, 18, 21, 24, and 27 dB attenuation 683 relative to the full scale, with a TDT PA5 programmable attenuator. Two control 684
